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Editorial
Wood construction is a diverse field. While the typical ’stick frame’
building is considered the norm, many different building methods,
including cross-laminated timber (CLT) and structural insulated panel
(SIP) construction have been featured in Wood Design Focus recently.
In this issue of Wood Design Focus, the topic is recent research in post
-frame buildings. Post-frame buildings originally were developed in the
agricultural sector, serving a need for low-cost, efficient buildings after
World War II.
ANSI/ASABE S618, “Post Frame Building System Nomenclature” was
approved on December 31, 2010. This standard provides a systematic
listing of terms associated with post-frame construction. The definition
of post-frame buildings is given as:
A building characterized by primary structural frames of wood
posts as columns and trusses or rafters as roof framing. Roof
framing is attached to the posts, either directly or indirectly through
girders. Posts are embedded in the soil and supported on isolated
footings or are attached to the top of piers, concrete or masonry
walls, or slabs-on-grade. Secondary framing members, purlins in
the roof, and girts in the walls are attached to the primary framing
members to provide lateral support and to transfer sheathing
loads, both in-plane and out-of-plane, to the posts and roof
framing.
A copy of the standard is available at http://nfba.org/uploads/
Post_Frame_Nomenclature.pdf.
While the roots of post-frame construction extend from the agricultural
sector, uses for this building system have grown. Post-frame is limited
in size to one– and two– story structures, but post-frame buildings are
also used as residences, light commercial, offices, emergency
services, and retail spaces. The efficiency of material use - a function
of the frames created by the posts and trusses, and the diaphragm
action of the roofs - have helped to brand post-frame buildings as a
source of green buildings.
The next page demonstrates some images of post-frame buildings
taken from ANSI/ASABE S618, courtesy of David Bohnhoff. The
articles in this issue of Wood Design Focus discuss some of the design
challenges specific to post-frame buildings, including the design of
shallow post and pier foundations, insulation needs below and around
slabs, and a simplified lateral design procedure for predicting the
diaphragm and shearwall behavior of post-frame buildings. The
National Frame Building Association (www.nfba.org) is the trade
association representing the post-frame building industry and provides
information on construction, as well as contacts for builders, engineers
and suppliers.
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Special thanks to David
Bohnhoff for providing
these images.
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In October 2012 the latest version of the American
Society of Agricultural and Biological Engineers
(ASABE) engineering practice (EP) for the design of
shallow post foundations was approved by ANSI. The
official designation of this new document is ANSI/
ASAE EP 486.2 Shallow Post and Pier Foundation
Design, published more than five years after work on
the revision began. The lengthy revision process can
be attributed to an almost total rewriting of the
document, the heart of which are new calculation
methods for foundation bearing strength, uplift
strength and lateral strength. The revised EP contains
14 main clauses and a commentary. As a way to
introduce this revised EP, an overview of each
Purpose and Scope
The purpose of ASAE EP486 is to help designers
determine the adequacy of shallow, isolated post
and pier foundations. This includes ensuring that soil
and backfill are not overloaded, foundation elements
have adequate strength, frost heave is minimized
and lateral movements are not excessive.
This EP contains safety factors and other provisions
for allowable stress design (ASD), which is also
known as working stress design, and for load and
resistance factor design (LRFD), which is also known
as strength design. It also contains properties and
procedures for modeling soil deformation for use in
structural building frame analyses.
Application of the EP is limited to post and pier
foundations that (1) have been vertically installed in
relatively level terrain, (2) have concentrically loaded
footings and (3) have a minimum spacing equal to
the greater of 4.5 times the maximum dimension of
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the post or pier cross-section, or three times the
maximum dimension of a footing or attached collar.
The third limitation addresses the fact that the shorter
the distance between isolated pier/post foundations,
the greater the overlap between the “pressure bulbs”
surrounding the foundations, and the less applicable
will be the equations contained in the EP for
estimating maximum uplift, bearing and lateral
capacities for isolated pier/post foundations.
This EP applies to piers and posts that are driven into
soil, as well as those that are placed into preexcavated holes and then backfilled. Driven (or
displacement) piers consist primarily of steel helical
piers (e.g., screw anchors) that are turned into t h e
g r o u n d . Driven (or displacement) posts include the
short wood posts used to support highway guardrails.
Interestingly, helical piers are primarily used to resist
bearing and uplift forces, and driven wood posts are
primarily used to resist lateral forces.
Normative References
References for documents that are indispensable for
the application of the standard are given in Clause 2.
This includes six structural design specifications, 10
laboratory soil testing standards, seven in-situ soil
testing standards, a preservative-treated wood
standard (AWPA U1) and the post-frame building
systems nomenclature standard (ANSI/ASABE S618).
Definitions
Clause 3 contains 49 definitions. These are categorized
under headings of: foundation types and components;
foundation geometry and constraints; material
properties and characteristics; and structural loads and
analysis.
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With respect to foundation types and components,
the primary definitions of interest are those for post,
pole, pier, post foundation and pier foundation.

they seldom extend above the lowest horizontal
framing element in a structure, and when they do, it
is often only a few centimeters.”

A post is defined as “a structural column that
functions as a major foundation element by providing
lateral and vertical support for a structure when it is
embedded in the soil. Posts include members of
any material with assigned structural properties such
as solid or laminated wood, steel, or concrete.” A
pole is simply defined as “a round post.”

A post foundation is defined as “an assembly
consisting of an embedded post and all below-grade
elements, which may include a footing, uplift
resistance system, and collar.” Likewise, a pier
foundation is defined as “an assembly consisting of a
pier and all below-grade elements, which may
include a footing, uplift resistance system, and collar.”

A pier is defined as “a relatively short column partly
embedded in the soil to provide lateral and vertical
support for a building or other structure. Piers include
members of any material with assigned structural
properties such as solid or laminated wood, steel, or
concrete. Piers differ from embedded posts in that

Figures 1 to 4 from the revised EP are reproduced
here and provide examples of a preservativetreated wood post foundation, a helical pier
foundation, a precast concrete pier foundation and
a
cast-in-place
concrete
pier
foundation,
respectively.

Figure 1. Preservative-Treated Wood Post Foundation

Figure 2. Helical Pier Foundation

Figure 3. Precast Concrete Pier Foundation

Figure 4. Cast-in-Place Concrete Pier Foundation
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Nomenclature
The fourth EP clause contains a list of 110
variables with a symbol, description, and where
applicable, a suggested set of units given for each
variable. One of the primary objectives when selecting
nomenclature was to align verbiage and symbols with
those commonly used in geotechnical circles. In two
cases, meeting this objective resulted in a switch
from what was used in previous versions
Soil and Backfill Properties
This clause contains provisions f o r establishing
Young’s modulus, undrained shear strength, and
friction angle of soils from applicable soil tests. Either
laboratory or in-situ testing or a combination of
laboratory and in-situ testing can be used to obtain all
information needed for post or pier foundation design.
Soil tests remove uncertainty associated with the use
of presumptive soil properties, and thus lower factors
of safety are associated with calculations where soil
characteristics have been ascertained through testing.
Clause 5 also addresses soils that should be avoided
during post and pier construction. It also addresses
appropriate backfill materials, and it contains a table
of presumptive soil properties that can be used in the
absence of soil test data.
Foundation Material Properties
This clause contains material requirements for post
and pier foundation elements, including: minimum
concrete compressive strengths; minimum thicknesses
and reinforcement requirements for both cast-in-place
and precast concrete footings; longitudinal
reinforcement, shear reinforcement and concrete
cover requirements for concrete piers; and preservative
treatment, size and mechanical fastener requirements
for embedded wood posts and piers. With respect
to precast concrete footings, a thickness as thin as four
inches is allowed, provided the footing is placed on a
flat compacted base and load-induced forces do not
dictate a thicker footing.
As long as the unconfined compressive strength of
controlled low-strength material (CLSM) exceeds the
ultimate bearing capacity at the base of a post
hole, it can be placed between the bottom of a precast
concrete (or wood) footing and the underlying soil to
increase the effective bearing area of the footing. In
lieu of using a CLSM base for footings, some builders
have compacted a non-hydrated (i.e., dry) concrete
mix in the base of holes. The EP commentary notes
WOOD DESIGN FOCUS V. 24, N. 1

that non-hydrated concrete mixes that are compacted
within a soil mass and allowed to self-hydrate should
obtain unconfined compressive strengths that more
than double the 8 MPa limit for classification as a
CLSM. Implied by this statement is that the practice
of using non-hydrated concrete mixes in this manner
is sound.
Structural Load Combinations
Clause 7 contains both ASD and LRFD load
combinations from ASCE-7. These load combinations
are included in the EP to ensure consistency between
soil resistance factors introduced in the EP and the
ASCE 7 load factors.
All ASCE-7 nominal loads are included in the EP with
the exception that loads due to lateral earth pressure
and those due to ground water pressure have not
been included. Loads due to lateral earth pressure are
not included because soil is treated and modeled as
a structural element and not as an applied load (i.e.,
it is on the resistance side of the equation). Ground
water pressure is not included because it is
assumed that ground water pressure acts equally on
all sides of an embedded post or pier foundation and
thus has no net effect on the behavior of embedded
elements.
Structural Analysis
Structural analysis is the determination of the forces
induced in a post or pier foundation by applied
structural loads. Two methods for accomplishing this
are outlined in the EP: the Universal Method and the
Simplified Method. Alternative methods not covered in
the EP are available and may be able to provide
more accurate analyses. In all cases, sound
engineering judgment should guide selection and
application of the design procedure.
The Universal Method can be used to analyze any
post or pier foundation. It involves the use of a
series of horizontal soil springs to model the
interaction between a foundation and the surrounding
soil (see Figure 5). The stiffness of an individual spring,
KH, located at depth, z, is given as KH = t k b where: t is
thickness of the soil layer represented by the spring; b
is width of the post or pier, footing, or collar upon
which soil represented by the spring is acting; and k is
modulus of horizontal subgrade reaction at depth z.
The modulus of horizontal subgrade reaction is the
ratio of average contact pressure (between
foundation and soil) and the horizontal movement of
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that the post or pier has an infinite bending stiffness)
sets a foundation depth limit on use of the Simplified
Method. When this depth is exceeded, the Universal
Method must be used to calculate lateral soil
pressures and foundation forces. There is no depth
limit on use of the Universal Method.
The Simplified Method has the advantage that it does
not require estimates of soil stiffness or bending
stiffness of the post or pier to determine soil forces.
However, relative to the Universal Method, the
Simplified Method is associated with higher factors
of safety to account for the simplifying assumptions
associated with its use.
Resistance and Safety Factors

Figure 5. Two-Dimensional Structural Analog For a
Post and Pier Foundation.
Different soil springs are used to model soil acting on the
collar, attached footing, and post or pier because of the
difference in width of the three foundation elements.

the foundation and is equated to two times Young’s
modulus (at the depth in question) divided by width b.
The Simplified Method uses a fixed-based structural
analog to determine the bending moment, axial, and
shear forces induced in the post or pier near the
ground surface. These forces are then substituted in
the appropriate equations to determine lateral soil
pressures as well as the ground surface displacement
and rotation of the post or pier. During the
development of these equations it was assumed
that (1) at-grade pier and post forces are not
dependent on below-grade deformations, (2) the belowgrade portion of the foundation has an infinite flexural
rigidity, (3) soil is homogeneous for the entire
embedment depth, (4) modulus of horizontal subgrade
reaction k is either constant for all depths below
grade or linearly increases with depth below grade, (5)
width b of the below-grade portion of the foundation is
constant (this generally means that there are no
attached collars or footings that are effective in
resisting lateral soil forces), and (6) groundline shear,
VG, and groundline bending moment, MG, would not
independently cause post rotation in opposite
directions.
These assumptions collectively turn a highly
indeterminate structural analysis problem into a
determinate analysis. The second assumption (i.e.,
WOOD DESIGN FOCUS V. 24, N. 1

the actual magnitude of the safety factors associated
with their designs. In addition, there were no
adjustment factors or recommendations to account for
more accurate methods of analyses or to enable higher
levels of risk in design.
The revised version includes ASD safety factors and
LRFD resistance factors. Tabulated safety (and
resistance) factors differ depending on the strength
property (i.e., lateral, uplift or bearing strength) being
calculated, on the test methods used to determine soil
properties, and on general soil type (i.e., cohesive
versus cohesionless). In addition, safety and resistance
factors for lateral strength assessment also depend
on whether the Universal or Simplified Method of
analysis was used to determine soil pressures, and in
the case of cohesionless soils, safety and resistance
factors are also a function of soil friction angle.
For buildings and other structures that represent a low
risk to human life in the event of a failure, resistance
factors may be increased 25 percent (multiplied by
1.25), and safety factors may be reduced 20 percent.
Bearing Strength Assessment
Under previous editions of EP486, bearing strength
was exclusively based on presumptive allowable
vertical soil pressures. Actual tabulated values were
applicable for footings one foot wide and one foot
deep. However, it was permissible to increase the
tabulated values by 20% for each additional foot of
width and/or depth to a maximum of three times the
tabulated value.
In the revised EP, bearing strengths are based on
7

ultimate bearing capacities obtained from in-situ
measurements or calculated using the general
bearing capacity equation. In-situ measurements that
can be used to determine ultimate bearing capacity
include the standard penetration test (SPT), the cone
penetration test (CPT) and the pressuremeter test
(PMT). Correction factors are included in equations for
cohesionless soils to account for water table depth
relative to foundation depth.
In the end, the methods for determination of
foundation bearing strength embodied in the new EP
provide more realistic design values than the previous
editions, and in most cases, these values will enable
assignment of greater bearing strengths to the typical
post or pier foundation.
Lateral Strength Assessment
In the revised EP, the lateral strength of pier and
post foundations is dictated by the ultimate lateral
resisting pressure of the soil, pU. This resisting
pressure can be determined directly from cone
penetrometer or PMT data or can be calculated from
soil properties (soil friction angle and cohesion) using
equations given in the EP. The equations used to
calculate pU from soil properties will provide a pU that is
three times the Rankine passive pressure.
When the Universal Method is used, the designer
simply checks that at every spring location pU is
greater than fLFS/(t b) for ASD (or that pU is greater than
FS/(RLt b) for LRFD), where fL is the ASD factor of
safety for lateral strength assessment; RL is the LRFD
resistance factor for lateral strength assessment; FS is
the force in the spring at depth z due to the applied
structural loads; t is thickness of the soil layer
represented by the spring; and b is width of the post
or pier, footing, or collar upon which soil represented
by the spring is acting.
When the Simplified Method is used, the designer
checks that MU is greater than fLMG for ASD (or that
MU is greater than MG /RL for LRFD), where MU is the
ultimate moment that can be applied to a post or pier
foundation at its groundline without causing a soil
failure, and MG is the moment induced in the post or
pier foundation at its groundline by applied structural
loads. A series of equations for calculating MU are
compiled in the EP for different soil types and
constraint conditions. The manner in which these
equations are solved guarantees that VU >VG /RL for
LRFD and that VU
force that can be applied to a post or pier at its
WOOD DESIGN FOCUS V. 24, N. 1

groundline without causing a soil failure, and VG is the
shear force induced in the post or pier at groundline
by the applied structural loads.
Uplift Strength Assessment
Foundation uplift strength is due to the combination of
foundation mass and resistance to uplift provided by
soil mass. Attaching a footing, collar, uplift blocking or
any other device that effectively enlarges the
foundation’s base can significantly increase resistance
to upward foundation displacement. This resistance is
provided by the weight of the soil mass located
above the anchorage system plus the resistance to
movement of this soil mass.
To move the soil mass located above the anchorage
system requires that a failure plane form in the soil.
This failure plane extends upward and outward from
the edges of the anchorage system. Unlike previous
editions of the EP, the revised EP recognizes the
fact that this failure plane may or may not reach the
ground surface (what actually happens depends on
soil properties and the depth and width of the
anchorage system). A shallow foundation under uplift
is a foundation associated with a failure plane that
reaches the ground surface. Conversely, a deep
foundation under uplift is a foundation associated with
a failure plane that does not extend to the ground
surface. It follows that the first step in uplift
calculations is to determine whether a foundation is
shallow or deep under uplift. When this has been
done, the appropriate EP equation can be used to
determine the overall resistance to uplift provided by
the soil mass.
In addition to calculation of uplift strength this clause
also contains requirements for anchorage system
attachment and backfill compaction.
Frost Heave Considerations
An entire clause in the revised EP is dedicated to
minimizing the effects of frost heave. This includes
recommendations for footing location, water drainage,
working with fine-grained soils, concrete backfill and
concrete floors.
Installation Requirements
The last clause in the revised EP covers two
construction-related factors that can significantly
affect structural performance: soil compaction and
component placement. In short, all disturbed soil at
the base of a hole must be compacted to a
8

magnitude consistent with the soil bearing capacity
assumed in design, and soil upon which a precast
concrete footing will be placed must be flat and level.
In addition, the installed depth of a post or pier
foundation must not be less than 90% of the specified
depth. Precast concrete footings must be placed so
that the center of the footing is within a distance b/2 of
the center of the post or pier it supports, where b is
the width of the post or pier. Cast-in-place concrete
footings must be placed so that distance from the
center of the post or pier to the nearest edge of the
footing is not less than half the specified width of the
footing.
Summary

Because the revision is so extensive, parts of it are
bound to cause confusion among designers as they
work through them for the first time or two. An
obvious way to clarify some of the new procedures,
and thus give designers more confidence in the
numbers they generate, is to develop example
analyses. This project has been discussed by the
NFBA Technical and Research Committee and is
something that end users should expect to see in the
future.
The EP can be downloaded for a fee from the ASABE
Technical Library (https://elibrary.asabe.org/). The
price is $38 for ASABE members and $55 for nonASABE members.

The newly released version of ASAE EP 486 is
significantly different from the version it replaces. It
contains completely different methods for calculating
bearing, lateral and uplift strengths of both pier and
post foundations, and unlike previous versions, it
contains safety and resistance factors as well as
many methods for obtaining soil properties from onsite soil tests. The advantage of on-site soil testing is
that it reduces uncertainty in design. The revised EP
enables designers to take advantage of this reduced
uncertainty with the use of lower factors of safety. It is
important to note that the new EP does not require
soil testing; it simply enables the use of lower safety
factors when and where soil tests have been
performed.
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Figure 1. Below-Grade Insulation Options for a
Concrete Slab-on-Grade.
(a) vertical and horizontal wing insulation, (b) vertical
insulation only, (c) insulation on outside and underside
of perimeter edge, and (d) insulation on the outside edge
and entire underside of slab.

Heating, Refrigerating and Air-Conditioning Engineers
(ASHRAE) Standard 90.1-2007 Energy Standard for
Buildings Except Low-

Two Design Goals

due to frost
heave are based largely on requirements in Structural
Engineering Institute (SEI) and American Society of
Civil
Engineering
(ASCE)
32-01
Design and
Construction of Frost-Protected

(ANSI) and American Society of
WOOD DESIGN FOCUS V. 24, N. 1
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In the Canadian Foundation Engineering

Figure 2. Sample of Frozen Clay Showing Ice
Segregation (Canadian Foundation Engineering Manual)
WOOD DESIGN FOCUS V. 24, N. 1

regation was observed in soil containing less than
1% of grains smaller than 0.0008 inches, even if the
groundwater was as high as the frost line.” The
manual also states that “the borderline between soils
that are frost-susceptible and those that are not is not
distinct, and those which appear to fall just clear of the
Casagrande criteria should be treated with caution.”
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Table 1. Frost Susceptibility of Soils
Soil Type

Frost Susceptibility

Gravels and Sands

None to Low

Silty and Clayey Gravels

Low to Medium

Silty and Clayey Sands

Low to High

Clays with a High Plasticity Index

Medium

Silts with a High Plasticity Index and

Medium to High

Silts with Low Plasticity Index

Medium to Very High

Figure 3. Effect of Soil Cover and Soil Type on Frost
Penetration Depth

Frost P enetration Depth

Figure 4. Air Freezing Index (AFI) Values for a
100-year Mean Return Project

Figure 5. Average Annual Frost Penetration Depths

WOOD DESIGN FOCUS V. 24, N. 1
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Table 2. Example of Freezing Degree Day Calculation

Day

Maximum Daily
Temperature,
°F

Minimum Daily
Temperature,
°F

Average Daily
Temperature,
°F

Freezing Degree Cumulative Freezing
Days per Daya,
Degree Days per
°F•day
Dayb, °F•day

1

23

12

17.5

14.5

14.5

2

19

13

16

16

30.5

3

27

16

21.5

10.5

41

4

33

29

31

1

42

5

39

31

35

-3

39

6

37

24

30.5

1.5

40.5

7

19

8

13.5

18.5

59

a

A negative sign indicates a day when the average daily temperature was above 32°F and thus more thawing
than freezing occurred.
b
Assume Day 1 start of freezing season.

would not be classified as
shallow

for sizing concrete
slab-on-grade floors include these: American Concrete
Institute (ACI) 360R-06 Design of Concrete Slabs on
Ground, the U.S. Department of Defense’s Unified
Facilities Criteria (UFC) 3-320-06A Concrete Floor Slabs
on Grade Subjected to Heavy Loads (available for free
at
www.wbdg.org/ccb/DOD/UFC/ufc_3_320_06a.pdf),
Concrete Floors on Ground, written by J. A. Farny and
Post-Tensioned Slabs
-on-Ground, published

WOOD DESIGN FOCUS V. 24, N. 1
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Methods for Minimizing Frost
Under Shallow Foundations

eave

Figure 6. FPSF Heat Flow Diagram for a Heated Building with
Optional Floor Insulation

foundations
(FPSFs).

WOOD DESIGN FOCUS V. 24, N. 1
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Table 3. Minimum Insulation Requirements for Frost-Protected Footings in Heated Buildings a
Vertical Insulation
AFI100b,
°F•days

Minimum
R-Valuec,

Horizontal Wing Insulation
Along Walls
Minimum
R-Valuec,

h•ft2•°F/Btu

Minimum Depth
Below Grade, D,
inches

h•ft2•°F/Btu

1500 or less

4.5

12

NR

NR

2000

5.6

14

NR

2500

6.7

16

3000

7.8

3500

Width, Ww,
inches

Horizontal Wing Insulation At Corners
Minimum
R-Valuec,

Width, W c,
inches

Length, Lc,
inches

NR

NR

NR

NR

NR

NR

NR

1.7

12

4.9

24

40

16

6.5

12

8.6

24

40

9.0

16

8.0

24

11.2

30

60

4000

10.1

16

10.5

24

13.1

36

60

4500

12.0

16

12.0

36

15.0

48

80

h•ft2•°F/Btu

a

Insulation requirements are for protection against frost damage in heated buildings. Greater values may be required to meet energy conservation
standards. Interpolation between values is permissible.
b
Air freezing index for 100-year mean return period. See Figure 4 for values by location.
c
Use the approximate effective R-value from Table 4 when determining whether an insulation meets the minimum required R-value.

Detailed FPSF Design Method for Heated Buildings
defined as
semiheated.

Step 1: Determine the site’s design AFI. Approximate
the AFI from Figure 4 or obtain a more site-specific
value from the National Climatic Data Center FPSF
Web site (www.ncdc.noaa.gov/oa/fpsf/).
ains
effective insulation R-values to be used when one is
determining whether insulation meets the required
minimum R-value specified i n Table 3.
The simplified design method cannot be used when
there is insulation underlying the slab with an R-value
greater than 10 h•ft 2•°F/Btu.
WOOD DESIGN FOCUS V. 24, N. 1
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Table 4. Design Values for FPSF Insulation Materials

ASTM C578
Insulation Typea

ASTM C578 Effective R-value per
ASTM C578
Minimum
Nominal
R-value
Inch of Thickness,
b
2
Insulation
per
inch
of
Reff , (h•ft •°F/Btu)/in
Density,
Thickness,
lbm/ft3
(h•ft2•°F/Btu)/in
Vertical Horizontal

ASTM C578
Compression
Strength at Yield or
10% Deformationa,
lbf/in2

Allowable
Bearing
Capacity

Minimum Insulation
Thickness, Inches

Vertical

Horizontal

Expanded II
Polystyrene IX

1.35

3.2

2.6

4.0

15

720

2

2

1.9

3.4

2.8

4.2

25

1,200

1.5

2

X

1.35

4.5

4.0

5.0

15

720

1.5

2

IV
Extruded
Polystyrene VI
(XPS)
VII

1.6

4.5

4.0

5.0

25

1,200

1

1.5

1.8

4.5

4.0

5.0

40

1,920

1

1

2.2

4.5

4.0

5.0

60

2,880

1

1

V

3.0

4.5

4.0

5.0

100

4,800

1

1

a

The primary means for identifying ASTM C578 insulation type at a retail level is via the compression strength at yield or 10% deformation. For
example, Owens Corning’s FoamulaR 150, 250, 400, 600 and 1000 are XPS insulations with compressive strengths of 15.0, 25.0, 40.0, 60.0, and 100
lbf/in2, respectively, and they are classified as ASTM C578 Types X, IV, VI, VII and V, respectively.
b
Effective R-values are based on laboratory tests and field studies of insulation products under long-term exposure to moist, below-ground conditions.
‘Vertical’ effective R-values shall be used for insulation placed vertically on exterior foundation walls. ‘Horizontal’ effective R-values shall be used for
insulation placed horizontally below ground.
c
Allowable bearing capacity is based on ASTM C578 compressive strength at 10% deformation divided by a safety factor of 3.0 for conditions without
cyclic loading (e.g, highway vehicle loading).

Table 5. Thermal Properties of Selected Floor Materials (ASHRAE Handbook of Fundamentals)
Material Description

R-value per Inch of Thickness,
(h•ft2•°F/Btu)/in

Plywood or wood subfloor

1.25

Wood (lumber)

0.90
3

0.05

3

0.18

Concrete (150 lbm/ft )
Concrete (100 lbm/ft )
Gypsum-fiber concrete (87.5% gypsum, 12.5% wood chips)
3

Cement/lime, mortar, and stucco (120 lbm/ft )
3

Cement/lime, mortar, and stucco (80 lbm/ft )
6 mil Plastic

R-value,
h•ft2•°F/Btu

0.60
0.10
0.22
Negligible

Carpet and Fibrous Pad

2.08

Carpet and Rubber Pad

1.23

Cork Tile (0.125 inches thick)

0.28

Terrazzo (1.0 inches thick)

0.08

Tile (asphalt, linoleum, vinyl, rubber)

0.05

Wood Flooring (0.75 inches thick)

0.68

WOOD DESIGN FOCUS V. 24, N. 1

16

Vertical Section of Building Perimeter
Flashing

Foundation

Insulation protection
h
D

D = DW along wall
(away from corners)
D = DC at corners

Vertical insulation
Horizontal wing insulation
Granular base (as req’d)

Plan View
Horizontal wing insulation at corner
Horizontal wing insulation along wall
Vertical insulation

Step 5: Use Table 7 to select insulation dimensions for
situations in which no wing insulation is desired, or
where wing insulation is desired at corners only. Note
that this wing insulation must have an R-value of 5.7
h•ft2•ºF/Btu. Alternatively, use Tables 8 and 9 to
determine wing insulation dimensions and R-values for
applications where the depth D of all vertical insulation
(i.e., that along the wall and at corners) will be fixed at
16 inches.

Foundation

LC

WW

WC

LC

Figure 7. Frost Protected Shallow Foundation
Dimensions.
The floor height above the finished grade (dimension h) is
limited to a maximum of 12 inches when the simplified
FPSF design method is used.

Table 6. Required Thermal Resistance of Vertical Wall Insulation
AFI100,

Minimum R-value of Vertical Wall Insulationa, RV, h•ft2•°F/Btu
Floor Height Above Finished Grade, h<12 in.

Floor Height Above Finished Grade, h=24 in.

RF ≤ 6.0

RF = 15.0

RF = 28.0

RF ≤ 6.0

RF = 15.0

RF = 28.0

375 or less

0.0

4.5

5.7

3.0

5.7

8.5

750

3.0

5.7

8.5

4.6

5.7

11.4

1,500

4.5

5.7

8.5

5.7

5.7

11.4

2,250

5.7

5.7

8.5

5.7

7.4

14.2

3,000

5.7

6.8

9.7

5.7

8.5

15.3

3,750

5.7

8.0

11.4

6.8

9.7

17.0

4,500

6.8

10.2

13.6

8.0

11.9

19.3

°F•days

a

Interpolation of RV values is permitted for h values between 12 and 24 inches, RF values between 6, 15 and 28 h•ft2•°F/Btu, and all listed
AFI100 values.
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Table 7. Minimum Insulation Dimensions with No Wing Insulation or with Wing Insulation at Corners Only a
Wing Insulation (R=5.7 h•ft2•°F/Btu) at Corners Only

No Wing Insulation
AFI100,
°F•days

Vertical
Vertical
Vertical
Insulation Depth Insulation Depth Insulation Length
Along Walls, Dw, at Corners, DC,
at Corners, LC,
inches
inches
inches

Vertical Insulation
Depth Along Walls
and Corners, DW
and DC, inches

Vertical Insulation
Length at Corners,
LC, inches

Width of Wing
Insulation at
Corners, W C,
inches

1500 or less

12

12

—

12

—

—

2250

14

14

—

14

—

—

2625

16

24

40

16

40

20

3000

20

32

40

20

40

20

3375

24

40

60

24

60

20

3750

30

51

60

30

60

24

4125

36

63

60

36

60

32

4500

43

71

80

43

80

32

a

Interpolation of dimensions is permitted for intermediate AFI100 values.

Table 8. Required Thermal Resistance of Wing Insulation for Use Along Walls with DW = 16 Inchesa
AFI100,

Minimum R-value of Wing Insulation Along Wall, RH, h•ft2•°F/Btu, Per Width of Wing Insulation Along Wall, WW

°F•days

12 Inches

2250 or less

0.0

2625

2.5

3000

6.5

18 Inches

24 Inches

30 Inches

6.1

5.3

4.5

8.2

7.4

6.5

3750

9.1

8.5

7.7

4125

11.2

10.2

9.6

8.9

12.3

11.4

10.7

3375

4500
a

36 Inches

42 Inches

48 Inches

10.0

Interpolation of R-values is permitted between WW values and between AFI100 values.

Table 9. Required Thermal Resistance of Wing Insulation for Use at Corners with DC = 16 inchesa

a

Minimum R-value of Wing Insulation Along Wall, RH, h•ft2•°F/Btu, Per Width of
Wing Insulation Along Wall, WW

°F•days

Vertical Insulation
Length at Corners,
LC, inches

2250 or less

0

0.0

2625

40

3000

40

3375

AFI100,

16 Inches

24 Inches

30 Inches

36 Inches

42 Inches

48 Inches

6.5

4.9

4.0

9.6

8.6

8.0

7.4

60

11.1

10.5

9.8

9.1

3750

60

13.1

12.5

12.0

11.2

10.8

4125

60

14.5

13.7

13.0

12.5

4500

80

15.9

15.1

14.8

Interpolation of R-values is permitted between WW values and between AFI100 values.
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Foundation
Ground Insulation

12 in.
min.

10 in.
min.
6 in.
min.

Non-frost susceptible layer below
insulation with drainage

WG

Foundation

10 in.
min.
12 in.
min.

12 in.
min.

Ground Insulation

WG

Non-frost
susceptible
layer above
insulation
with
drainage

for semiheated buildings

Figure 8. FPSF Dimensions for an Unheated Building.

Table 10. Required Ground Insulation Properties for Unheated Buildings
AFI100,
°F•days

a
b

Minimum Horizontal
Extensionb, WG, inches

Minimum R-value of Below Slab Insulation and Horizontal Insulation Extensions,
Per Mean Annual Temperature
≤ 32°F

36°F

38°F

40°F

≥ 41°F

750 or less

30

5.7

5.7

5.7

5.7

5.7

1500

49

13.1

9.7

8.5

8.0

6.8

2250

63

19.4

15.9

13.6

11.4

10.2

3000

79

25.0

21.0

18.2

15.3

14.2

3750

91

31.2

26.1

22.7

-

-

4500

108

37.5

31.8

-

-

-

Interpolation of R-values is permitted between main annual temperature and between AFI100 values.
Horizontal extension width is the same for corner locations as it is for points along the wall.
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Figure 9. Mean Average Annual Temperatures for the Contiguous United States.
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Figure 1. Below-Grade Insulation Options for a
Concrete Slab-on-Grade.
(a) vertical and horizontal wing insulation, (b) vertical insulation only, (c)
insulation on outside and underside of perimeter, (d) insulation on the
outside edge and entire underside of slab, (e) horizontal insulation only

(Figure 1e).
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Table 1. Assembly F-Factors for Slab-on-Grade Floors a
Type of Slab On
Gradeb

Insulation Descriptionc
R=0

R=5

R = 7.5

R = 10

R = 15

R = 20

R = 25

R = 30

12 in. Horizontal w/o Thermal Break (TB)

0.72

0.71

0.71

0.71

24 in. Horizontal w/o TB

0.70

0.70

0.70

0.69

36 in. Horizontal w/o TB

0.68

0.67

0.66

0.66

48 in. Horizontal w/o TB

0.67

0.65

0.64

0.63

12 in. Vertical

0.61

0.60

0.58

0.57

0.57

0.57

0.56

24 in. Vertical

0.58

0.56

0.54

0.52

0.51

0.51

0.50

36 in. Vertical

0.56

0.53

0.51

0.48

0.47

0.46

0.46

48 in. Vertical

0.54

0.51

0.48

0.45

0.43

0.42

0.42

Fully Insulated Slab

0.46

0.41

0.36

0.30

0.26

0.23

0.21

12 in. Horizontal w/o TB

1.31

1.31

1.30

1.30

24 in. Horizontal w/o TB

1.28

1.27

1.26

1.25

36 in. Horizontal w/o TB

1.24

1.21

1.20

1.18

48 in. Horizontal w/o TB

1.20

1.17

1.13

1.11

12 in. Vertical

1.06

24 in. Vertical

0.99

36 in. Vertical

0.95

48 in. Vertical

0.91

None

Unheated

0.73

None

Heated

F-Factor, Btu/(h•ft•°F)d

1.35

Fully Insulated Slab

0.74

a

From ANSI/ASHRAE 90.1 Table A6.3. F-factors calculated assuming a 6-inch thick concrete slab with the bottom of the slab located at grade and a soil thermal
conductivity of 0.75 Btu/(h•ft•°F).
b

A heated slab-on-grade floor is a slab with a heating source either within it or below it. An unheated slab-on-grade floor is a slab that does not
meet the definition of a heated slab-on–grade floor.
c

‘Horizontal insulation w/o tb’ refers to horizontal insulation without a thermal break (no vertical insulation on the outer slab edge) as shown in
Figure 1e. Use vertical insulation values for cases shown in Figures 1a, 1b, and 1c, with vertical insulation length equal to the sum of lengths H and
W. In all cases, the vertical portion of the insulation must extend to the top edge of the slab. For a slab to be fully insulated, the insulation must
extend downward from the top of the slab and along the entire perimeter and completely cover the entire area under the slab.
d

Interpolation of F-factors between R-values of insulation is allowed. Rated R-values are in units of h•ft2•°F/Btu.

Btu/(h•ft2•°F). It
follows that heat being
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Table 2. Assembly F-Factors for Slab-On-Gradea
Soil Thermal
Conductivity,
Btu/(h•ft•°F)

0.50

0.75

1.00

1.50

Insulation R-value,
h•ft2•°F/Btu

F-Factors in Btu/(h•ft•°F)
Unheated Slabb

Heated Slabb

2 feet of Vertical Insulationc

4 feet of Vertical Insulationc

Fully Insulatedd

Fully Insulatedd

5

0.44

0.42

0.38

0.60

10

0.40

0.36

0.31

0.47

15

0.38

0.33

0.26

0.39

5

0.58

0.54

0.46

0.74

10

0.54

0.48

0.36

0.55

15

0.52

0.45

0.30

0.44

5

0.71

0.66

0.54

0.87

10

0.67

0.60

0.41

0.63

15

0.65

0.57

0.33

0.49

5

0.94

0.85

0.64

1.11

10

0.88

0.78

0.47

0.71

15

0.86

0.75

0.37

0.55

a

F-factors calculated assuming a slab floor placed directly on the earth with the bottom of the slab at grade line.
A heated slab-on-grade floor is a slab with a heating source either within or below it. An unheated slab-on-grade floor is a slab that does not meet
the definition of a heated slab-on-grade floor.
c
Vertical insulation length is the sum of length H and W as shown in Figures 1a, 1b, and 1c. The vertical portion of the insulation must extend to the
top edge of the slab.
d
For a slab to be fully insulated, the insulation must extend downward from the top of the slab and along the entire perimeter and completely cover the
entire area under the slab.
b

Btu/(h•ft•°F). Table 2
contains

F-factors

Low-Rise Residential
Buildings. During a
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Table 3. Thermal Conductivity of Unfrozen Soils
Dry Bulk Density,
d, lbm/ft3

Porosity, 

Thermal
Conductivity of
Dry Soil, kdry,
Btu/(h•ft•°F)

Moisture
Content, w,
% Dry Basis

Saturation
Ratio, Sr

Kersten
Number, Ke

Fine-Textured Soils with Sand Fraction < 0.40

80

100

120

0.527

0.408

0.290

0.125

0.163

0.201

120

140

k
Ke
ksat
kdry




Sr
w


d
w

0.408

0.290

0.172

0.163

0.201

0.240

q = 0.15

q = 0.30

0.000

0.000

0.12

0.12

0.12

5

0.122

0.106

0.19

0.19

0.19

10

0.243

0.391

0.36

0.38

0.37

15

0.365

0.597

0.49

0.52

0.49

20

0.487

0.734

0.57

0.61

0.58

25

0.608

0.829

0.63

0.67

0.64

30

0.730

0.899

0.67

0.71

0.68

35

0.852

0.951

0.81

0.75

0.71

40

0.973

0.992

0.90

0.77

0.74

0

0.000

0.000

0.16

0.16

0.16

5

0.196

0.287

0.37

0.39

0.38

10

0.392

0.632

0.62

0.67

0.63

15

0.588

0.816

0.75

0.81

0.77

20

0.784

0.924

0.83

0.90

0.85

25

0.980

0.994

0.88

0.95

0.90

0

0.000

0.000

0.20

0.20

0.20

5

0.331

0.548

0.68

0.74

0.69

10

0.662

0.863

0.95

1.05

0.97

15

0.993

0.998

1.06

1.18

1.10

q = 0.5

q = 0.7

q = 0.9

0

0.000

0.000

0.16

0.16

0.16

5

0.196

0.452

0.62

0.68

0.75

10

0.392

0.672

0.84

0.93

1.04

15

0.588

0.812

0.98

1.09

1.22

20

0.784

0.914

1.08

1.21

1.35

25

0.980

0.993

1.16

1.30

1.45

0

0.000

0.000

0.20

0.20

0.20

5

0.331

0.616

1.00

1.13

1.28

10

0.662

0.854

1.31

1.49

1.70

15

0.993

0.998

1.49

1.71

1.95

0

0.000

0.000

0.24

0.24

0.24

5

0.652

0.848

1.66

1.94

2.26

7.5

0.978

0.992

1.90

2.22

2.60

= (ksat - kdry)•Ke +kdry
= exp{•[1-Sr(-1.33)]}
= = thermal conductivity of saturated soil =kw•ks(1-)
= thermal conductivity of dry soil = -0.323•+0.295 (Btu/(h•ft•°F))
= 0.96 for course grained soils with sand fraction > 0.40
= 0.27 for fine textured soils with sand fraction < 0.40
= (w /100)/[(w /d - (1/Gs)]
= moisture content, % dry basis
= porosity = 1-d /(Gs•w)
= soil dry bulk density (dry unit weight)
= 62.4 lbm/ft3 = water density

WOOD DESIGN FOCUS V. 24, N. 1

q=0

0

Coarse Grained Soils With Sand Fraction > 0.40

100

Thermal Conductivity of Moist Soil, k,
Btu/(h•ft•°F)

Gs
kw

ks
q
kq
ko
ko

= 2.71 = specific gravity of soil solids
= thermal conductivity of water
= 0.34 Btu/(h•ft•°F)
= 1.28 Btu/(h•ft•°F) for ice
= kqq•ko(1-q)
= thermal conductivity of soil solids
= quartz content, fraction of total solids
= thermal conductivity or quartz
= 1.2 Btu/(h•ft•°F) for q > 0.2
= 1.7 Btu/(h•ft•°F) for q ≤ 0.2
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Table 4. ASTM C578 Standard Specification for Rigid, Cellular Polystyrene Thermal Insulation
Minimum
Insulation
Density,
lbm/ft3

Minimum
R-value per
Inch of
Thickness,
h•ft2•°F/Btu

Minimum
Compressive
Strength at Yield or
10% Deformationa,
lbf/in2

Allowable
Bearing
Capacityb,
lbf/ft2

Maximum Water
Vapor Permeance
for 1-inch Thickness, U.S. Perms

Maximum
Water
Absorption by
Total Immersion, Volume
%

II

1.35

4.0

15

N/A

3.5

3.0

IX

1.9

4.2

25

1200

2.5

2.0

X

1.35

5.0

15

N/A

1.5

0.3

IV

1.6

5.0

25

1200

1.5

0.3

VI

1.8

5.0

40

1920

1.1

0.3

VII

2.2

5.0

60

2880

1.1

0.3

V

3.0

5.0

100

4800

1.1

0.3

Insulation Type

Expanded
Polystyrene
(MEPS)

Extruded
Polystyrene
(XEPS)

a

The primary means for identifying ASTM C578 insulation type at a retail level is via the compressive strength at yield or 10% deformation. For example, Owens Corning’s FoamulaR 150, 250, 400, 600 and 1000 are XEPS insulations with minimum compressive
strengths of 15.0, 25.0, 40.0, 60.0 and 100.0 lbf/in2, respectively and they are classified as ASTM C578 types X, IV, VI, VII and V,
respectively.
b

Allowable bearing capacity is based on ASTM C578 compressive strength at 10% deformation divided by a safety factor of 3.0 for
conditions without cyclic loading (e.g., highway vehicle loading).
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mal conductivity of 1.28 Btu/(h•ft•°F).
In the absence of soil property
conductivity is generally approx

data,

thermal

Table 5. Prescriptive Perimeter Insulation Requirements for Slab-OnGrade Floors (ANSI/ASHRAE Standard 90.1-2007)
Assembly Maximum F-Factor, Btu/(h•ft•°F)
Slab-OnClimate Heated and/or Cooled
Grade Typea Zoneb
Non-Residential
Spacesc

Unheated

Heated

Heated and/or
Cooled Residential
Spacesc

Semiheated
Spacesd

1, 2, 3

0.730

0.730

0.730

4, 5

0.730

0.540

0.730

6

0.540

0.520

0.730

7

0.520

0.520

0.730

8

0.520

0.510

0.730

1, 2

1.020

1.020

1.020

3

0.900

0.900

1.020

4, 5

0.860

0.860

1.020

6

0.860

0.668

1.020

7

0.843

0.668

0.900

8

0.688

0.668

0.900

a

A heated slab-on-grade floor is a slab with a heating source either within or below it. An unheated slab-on-grade floor is a slab that does not meet the definition of a heated slab-on-grade
floor.
b
See Table 6 and Figure 2.
c
A heated space within a building is a space heated by a system whose output capacity in Btu/
h per square foot of floor area is greater than or equal to: 5 for climate zones 1 and 2; 10 for
climate zone 3; 15 for climate zones 4 and 5; 20 for climate zones 6 and 7; and 25 for climate
zone 8. A cooled space within a building is a space cooled by a system with a sensible output
capacity exceeding 5 Btu/h per square foot of floor space.
d
A semiheated space within a building is a space heated by a system whose output capacity is
greater than or equal to 3.4 Btu/h per square foot of floor area but less than required to be a
heated space as given in Footnote c.
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Table 6. Climate Zone Delineation Criteria
Climate Zonea Climate Zone Description

Annual degree-daysb, °F•day

1

Very Hot

Greater than 9000 CDD50

2

Hot

6300 - 9000 CDD50

3

Warm

Less than 6300 CDD50 and Less than 3600 HDD65

4

Mixed

Less than 4500 CDD50 and Less than 5400 HDD65

5

Cool

5400 - 7200 HDD65

6

Cold

7200 - 9000 HDD65

7

Very Cold

9000 - 12600 HDD65

8

Subarctic

Greater than 12600 HDD65

a

See Figure 2.
CCD50 = annual cooling degree days calculated using a 50F base temperature. One cooling degree day (CDD)
accumulates for every degree the average daily (24 hr) temperature is below 50F. HDD65 = annual heating degree
days calculated using a 65F base temperature. One heating degree day (HDD) accumulates for every degree the
average daily temperature is below 65F. For a 5 day period with average outside daily temperature of 64, 55, 46,
57, and 62F, a total of 38 CCD50 accumulates (38= 14 + 5 + 0 + 7 + 12)
b

Figure 2. Climate Zones for the Contiguous United States
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International
Energy Conservation Code
ANSI/
ASHRAE 90.1.

an unheated
concrete slab that supports a heated/cooled building
located in climate zone 7 where the soil has a thermal
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Figure 3. Mean Average Annual Temperatures for the Contiguous United
States.
Table 5 requires that the F-factor not exceed 0.520
Btu/(h•ft•°F). Based on Table 1, this requirement can
be met with 24 inches of R15 insulation (F-factor =
0.52), 36 inches of R10 insulation (F-factor = 0.51),
or 48 inches of R7.5 insulation (F-factor = 0.51).
Alternatively, the entire slab can be insulated with
R5 insulation (F-factor = 0.46). Note that the 0.520
Btu/(h•ft•°F) requirement cannot be met with an
application featuring

value of 10 h•ft2•°F/Btu under the entire

heated slab-ongrade floors is to increase by 5 h•ft2•°F/Btu the R-value
that would
a minimum
R-value of 5 h•ft2•°F/Btu

ed slab be insulated with an R-value of no less
than 10 h•ft2•°F/Btu
Installing Below-Grade Insulation

Figure 4. Insulation System for a Heated Post-Frame
Building with Embedded Posts, Outset Girts, and
Slab Edge Insulation Protected by Splash Plank.
This system requires slab placement on well-drained, nonfrost-heave susceptible soil.
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A second option is to trench alongside the exterior of
the building after the exterior shell has been
completed, but before interior concrete work has begun.
The problem with this option is that there’s no inside
trench in which to run the typical compactor that w o u l d
b e u s e d to compress soil against the inside of the
vertical insulation.

Figure 5. Insulation System for a Heated Post-Frame
Building With Embedded Posts, Outset Girts, and
Insulation Near Grade Protected by Splash Plank

Figure 6. Insulation System for a Heated Post-Frame
Building With Embedded Posts, Inset Girts, and
Insulation Located Outside Base Girts
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Additionally, it has been shown to take slabs placed
over sand 3 to 4 times longer to dry down to the same
point as slabs placed directly on membranes. A
prolonged wet slab can negatively impact the quality and
schedule of flooring installations. In the end, a builder is
much better off spending money on concrete additives
and proper concrete curing than on a “blotter”.
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Society of America Journal, 71, 8-14.
Baylon, D. & Kennedy, M. (2007). Calculating t h e
impact of ground contact on residential heat loss.
_Proceedings of the Tenth International Conference
on Thermal Performance of the Exterior Envelopes of
Whole Buildings X. December 2-7, 2007, Sheraton Sand
Key Resort, Clearwater Beach, Florida. Organized
by the O ak Ridge National Laboratory (ORNL).
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Post-frame construction is growing across a variety of
building markets because of advantages related to
cost, reliability and ease of construction. Much of the
structural efficiency of post-frame buildings is
attributed to diaphragm action distributing lateral loads
(e.g., wind and seismic forces) to the shear walls of the
buildings. When embedded posts are used in the
foundation system, the frames and the roof diaphragm
interact to resist lateral loads. Sophisticated design
methods have evolved to account for the interaction
between frames and diaphragm (e.g., ASAE 2003;
Bohnhoff 1992a and 1992b; Anderson et al. 1989), and
to design embedded post foundations with a range of
detailing and soil behavior assumptions (e.g., ASAE
2005; McGuire 1998; Meador 1997). Designers that
specialize in
post-frame construction are well
acquainted with these design tools. However, these
design methods are not readily available or familiar to
structural engineers with limited experience in postframe; hence limiting the expansion of post-frame
construction. As post-frame construction grows into
new markets, rational, simplified design methodologies
that can be quickly learned and economically
implemented by design and building regulatory
professionals are needed. The objective of this article
is to present a simplified design method that provides
conservative designs for roof diaphragms, shear walls,
post members and embedded post foundations. Hence
a structural engineer with a limited number of post-frame
building projects per year can justify the cost of
learning the design method.

Association 2007). Lateral design is the same for postframe and light-frame wood construction, except for the
following:



If posts are embedded, the distribution of lateral
loads between the foundation and the roof
diaphragm is changed. In this article, we
conservatively ignore the contribution of the frame
because it is much less stiff than the diaphragm,
and we obtain solutions that are conservative and
easier to comprehend.



Standardized diaphragm and shear wall design
capacities are available for light-frame construction
(e.g.,
ANSI/AF&PA
SDPWS–2008
Special
Design Provisions for Wind and Seismic
(AWC 2008). Less data are available in the public
domain for post-frame diaphragm and shear wall
constructions that use metal cladding on wood
framing. The National Frame Building Association
(NFBA) is currently working to develop the
standardized diaphragm and shear wall data
needed by designers.

Design Overview
A good technical resource for diaphragm and shear
wall design for light-frame wood construction is APA
Publication L350A, Diaphragms and Shear Walls—
Design/Construction Guide (APA Engineered Wood
WOOD DESIGN FOCUS V. 24, N. 1
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At this point, a diaphragm construction
can be selected to meet the conservative
estimate of unit shear demand. Some
allowable design values are available for
metal-clad wood-framed diaphragms and
shear walls in the Post-Frame Building
Design Manual (NFBA 1999), and NFBA is
currently working to develop a standardized
design database. Another option is to use
wood panels on wood framing; design data
can be found in the Special Design
Provisions for Wind and Seismic AWC
SDPWS–2008 standard (AWC 2012).



Post-frame roof diaphragms have repetitively
framed purlins that can share chord forces, which
has a significant impact on chord member and
splice connection design.

Determining Roof Diaphragm Forces Using the Rigid
Roof Design Method
The rigid roof design method (Bender et al. 1991) is
conservative with respect to roof diaphragm design
because a propped cantilever analog is assumed, as
shown in Figure 1. The pin supporting the top of the
post represents an infinitely stiff roof diaphragm, thus
attracting load to the diaphragm. More complicated
analysis procedures are available that model the
diaphragm as a spring supporting the top of the post,
resulting in lower diaphragm loads.
Figure 2 shows a hypothetical wind loading on a postframe building. The resulting unit shear for the building
is given by:

K q ww  q LW H 1 L  qWR  q LR H 2 L
v
2W
where
 = unit roof shear intensity (lb/ft)
K = 3/8 for embedded posts, 1/2 for surface-mounted
posts
qWW = design windward wall pressure (+ sign for inward
pressure, - sign for outward pressure) (psf)
qLW = design leeward wall pressure (+ inward, - outward
or suction) (psf)
qWR = design windward roof pressure (+ inward, outward or suction) (psf)
qLR = design leeward roof pressure (+ inward, - outward
or suction) (psf)
H1 = side-wall height (ft)
H2 = roof height (ft)
W = building width (ft)
L = building length (ft)
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Shear Wall Design
If the shear wall has no openings, simply use the unit
shear calculated for the roof diaphragm and select a
shear wall construction to carry the load.
If the shear wall has an opening such as an overhead
door, the segmented shear wall approach can be used
where the end of each wall segment has a hold-down
(or post). The unit shear demand is given in the
following equation:

vshearwall 

Vmax
Wbldg  Wopening 

where
max =  W
Wbldg and Wopening as illustrated in Figure 3.
At this point, a shear wall construction can be
selected to meet the unit shear demand.
Roof Diaphragm Chord Forces
Usually the perimeter chords are assumed to resist
all of the bending moment in light-frame wood
diaphragms. In post-frame roof diaphragms, roof
purlins can be assumed to share the chord forces as
described by Pollock et al. (1996) and illustrated in
Figure 4.
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Procedure for calculating chord forces
1. Solve for maximum shear force, Vmax, in
the roof diaphragm using the rigid roof
equation.
2. Calculate the resulting uniform load, w, on the
roof diaphragm, assuming the load is evenly
distributed along the building length.
w = 2Vmax/L

Tn 

Md
n

 d  2n  i scos 

2

i 1

M = bending moment in roof diaphragm (ft-lb)
d = diaphragm depth (ft) (roof span)
i = purlin number, starting from the ridge and working to
the eave
n = number of purlins from ridge to eave (one side of
the roof and not counting the ridge purlin)
s = purlin spacing (ft)
θ = roof slope
The NFBA’s Post-Frame Building Design Manual used
the approach in Step 4 to create a convenient design
table (see Table 1). In this case, the maximum chord
force is given by:

M = wL2/8
If a beam with fixed conditions is assumed, the
maximum moment will occur at the ends of the
building as follows:
M = -wL2/12
4. Solve for the maximum axial force on the
perimeter purlin, Tn, using the following equation
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Tn = M α /d
Finally, the maximum chord force Tn is used to size the
chord members and splices.
Post Member Forces and Embedded Foundation
Design
Post Member Design
Maximum eave deflection will occur at the mid-length
of a symmetric building, so this is usually the critical
frame with respect to post member design and required
embedment. Using the propped-cantilever model, we
can calculate the maximum positive and negative
(ground line) moments on the post, yet this simple
structural analog does not allow any eave deflection.
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Table 1. Reduction Factor, , for Axial Force in
Edge Chords

a

Bending Moment for Cantilever with Point Load
If we know the eave deflection Δeave at building midlength,1 we can solve for the force P that would cause
that deflection using the following equation:

na



na



na



na



2

1.000

12

0.423

22

0.249

32

0.176

3

1.000

13

0.396

23

0.239

33

0.171

4

0.900

14

0.371

24

0.230

34

0.166

5

0.800

15

0.350

25

0.222

35

0.162

6

0.714

16

0.335

26

0.214

36

0.158

7

0.643

17

0.314

27

0.206

37

0.154

8

0.583

18

0.298

28

0.200

38

0.150

9

0.533

19

0.284

29

0.193

39

0.146

M- = 3/8 PH1 = 9ΔeaveEI/8H12 (at 3/8 H1
down from top of post)

10

0.491

20

0.271

30

0.187

40

0.143

Combined Moments Using Superposition

11

0.455

21

0.260

31

0.181

41

0.139

n is the total number of purlins in the diaphragm.

In a real building, the eave will deflect an amount Δeave
under lateral loading as shown in Figure 5a. The eave
deflection will cause a negative moment in the post as
shown in Figure 5b. By superposition, we can solve for
the maximum moments in the positive and negative
regions of the post.
Bending Moment for Propped Cantilever with
Uniform Load
From beam tables, we can find the maximum
positive and negative moments for a proppedcantilever member with uniform load as follows:
M+max = 9wH12/128 (occurs at 3/8 L down from
top of post)
M-max = wH12/8

Δeave = PH13/3EI
Solving the equation for P, and then substituting M = PH1,
we have the equation for bending moment caused by
eave deflection Δeave
M-max = PH1 = 3ΔeaveEI/H12 (at ground line)

The maximum net moment in the positive region occurs
at approximately 3/8H1 from the top of the post. Note the
difference in signs of the two moments.
M+max = 9wH12/128 - 9ΔeaveEI/8H12
Similarly we solve for the maximum negative moment at
the ground line:
M-max = wH12/8 + 3ΔEI/H12
The ground line moment is needed to calculate post
embedment depth and often controls member design.
Note that all relevant load combinations should be
checked when designing any member. For post-frame
posts, a combination of gravity and lateral loads
typically controls. Gravity loads are straightforward to
calculate.

(occurs at ground line)

→

Figure 5. Superposition of (a) Structural Analogs, and (b) Resulting Moments
WOOD DESIGN FOCUS V. 24, N. 1
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The post member design is accomplished using the
combined bending and axial compression Equation
3.9-3 in the
An alternate form to calculate post moments is
presented on page 9-7 of the Post-Frame Building
Design Manual (NFBA 1999). This approach gives
equations to calculate shear and moments at different
points in a post by summing forces based on statics.
These equations yield identical results to that of the
preceding equations.
Calculating Eave Deflection
Calculating eave deflection is required to determine the
maximum post moment. Pope e t a l . (2012) present a
three-term equation to predict diaphragm deflection that
includes deflection contribution from bending of the
diaphragm framing and chord slip which is presented as

 dia 

15vL
0.25vL  c


4 EAsnn  1 1000Ga W
3

x

L = diaphragm length (ft),
E = modulus of elasticity of the diaphragm chords (psi),
A = cross-sectional area of the chords (in2),
s = chord spacing (ft),
n = number of chords
W = diaphragm width (ft),
Ga = apparent shear wall stiffness (k/in),
∆c = diaphragm chord slip (in),
x = distance from chord splice to nearest support (ft).
The three terms account for deflection due to
diaphragm framing bending, shear, and chord slip,

5vL
0.25vL   xi  c 


8EAW 1000Ga
2W
3

respectively. This equation is similar to that of the codeaccepted AWC SPDWS-2008 (AWC 2008) equation
for deflection of diaphragms with wood sheathing on
wood framing, which is given as

The difference in bending terms between the two
equations stems from the fact that the SDPWS equation
considers wood-sheathed, wood-framed diaphragms to
act as a deep beam where only the outermost framing
member acts as chords to resist the moment in the
diaphragm (typically the double top plate). The equation
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The third term, which accounts for chord slip, varies in
how the cumulative distances from chord splices to the
end walls are calculated because of how purlin splices
are located in post-frame buildings. It is also assumed
that the butt joints in the chords are not perfectly tight
and that the slip of the tension chord equals the slip of
the compression chord. Therefore, the total splice slip
would be double that of the tension or compression slip
alone (Pope et al. 2012). This explains why the third
term in Pope’s deflection equation is twice that of the
SDPWS equation. The total eave deflection, Δeave, is the
deflection of the shear wall added to the diaphragm
deflection. The shear wall deflection can be calculated
by Equation C.4.3.2 – 2 (AWC

 sh 

i

 = applied unit shear (lb/ft),

 dia 

of Pope et al. (2012) accounts for the contributions of all
chords (purlins), not just the outer ones.

8vH13
vH1
H

 1 a
EAb 1000Ga b

E = modulus of elasticity of the end posts (psi)
A = cross-sectional area of the end wall posts (in2)
b = shear wall length (ft)
∆a
shear wall anchorage slip (in)
Similar to the SDPWS equation for diaphragm
deflection, the three terms of the shear wall
deflection equation above account for deflection due to
framing bending, shear, and wall anchorage slip,
respectively. Because the posts are embedded in the
ground for post-frame construction, it is assumed that
no wall anchorage slip occurs, therefore eliminating the
third term of the equation.
Embedded Post Foundation Design
Once the ground line moment is determined, the post
embedment depth can be calculated using Equation 18
-3 in Section 1807.3.2.2 of the 2009 International
Building Code (IBC). It should be noted that this
equation applies to the situation where there is ground
line constraint, such as provided by a concrete slab on
grade. The posts on the leeward side of the building are
commonly tied into the concrete slab with steel rebar.

d

4.25M g
S3b

d = post embedment depth (ft)
Mg = moment in the post at grade (ft-lb)
b = diameter of round pole or diagonal dimension of
post (ft)
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S3 = allowable lateral soil-bearing pressure as set forth
in Section 1806.2 based on a depth equal to the depth of
embedment, psf. Section 1806.3.3 allows lateral
pressures from Table 1806.2 to be increased by the
tabular value for each additional foot of depth, to a
maximum of 15 times the tabular value. Note that an
initial guess of embedment is needed to calculate the
starting value for S3.

We will work the same example problem that is given in
the NFBA’S Post-Frame Building Design Manual, Chapter
9. Table 2 gives the building specifications for the
example.

Roof Diaphragm
More
extensive
post
embedment
design
equations to cover situations such as posts with
collars and post uplift, as well as a variety of soil
resistance assumptions, can be found in ANSI/
ASAE EP486.1 Shallow Post Foundation Design
(ASAE 2005), McGuire (1998) and Meador (1997).
For the simple constrained post case given in the
IBC, the ASAE EP486.1 standard gives a more
convenient form of the equation that does not
require iterative calculations (S΄ = S3/d)

d 3

Calculate maximum unit shear in roof diaphragm

v

K q ww  q LW H 1 L  qWR  q LR H 2 L
2W

Select roof diaphragm construction to carry at least 100.4
lb/ft.
Shear Wall
Assume a 12-ft wide overhead door in one end wall.
Vmax =  W = 100.4 * 36 ft = 3,614 lb

4.25M g

shear wall = Vmax / (Wbldg – Wopening) = 3,614 / (36 – 12)

S 'b

= 151 lb/ft

S′ = allowable lateral soil-bearing pressure in psf/ft from
Table 1806.2 (IBC 2009)

Select shear wall construction to carry at least 151 lb/ft.

Table 2. Example Building Specifications

The roof purlins need to be sized to carry all anticipated
load combinations (e.g. dead, snow, live and wind). The
axial chord forces can be calculated as follows.

Solve for Roof Diaphragm Chord Forces

Width (Truss Length)

36 ft

Length (Along Slope)

60 ft

Height at Post Bearing

12 ft

Procedure

Roof Slope

4/12 (18.43°)

Bay Spacing

10 ft

1. Solve for maximum shear force, Vmax, in the roof
diaphragm using the rigid roof equation.

Number of Frames (Including End Walls)

7

Post Embedment Depth

4 ft

Post Grade And Species

No. 2 S. Pine

Post Size

6 x 6 Nominal

Roof Snow Load

30 psf

Roof Dead Load

5 psf

Concrete Slab?

Yes

Ceiling?

No

Wind Speed

80 mph

Exposure Category

B

Windward Wall, qww

8.13 psf

Leeward Wall, qlw

-5.08 psf

Windward Roof, qwr

3.05 psf

Leeward Roof, qlr

-7.12 psf

*Negative loads act away from the surface in question. Positive loads
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Vmax = 3,614 lb
2. Calculate the resulting uniform load, w, on the roof
diaphragm, assuming the load is evenly distributed along
the building length.
w = 2Vmax/L = 2* 3,614/60 = 120.5 lb/ft
3. Solve for the maximum bending moment, M, in the
roof diaphragm, assuming a simple beam with pin and
roller supports.
M = wL2/8 = 120.5 (60)2/8 = 54,212 lb/ft
4. Solve for the maximum axial force on the perimeter
purlin, Tn, using the following equation with (36/2 + 1)
= 19 purlins.
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From Table 1: α = 0.284

The maximum chord force Tn is used to size the
chord members and splices.
Post Moments
From the NFBA example:
E = 1.2 x 106 psi
I = 76.26 in4 (nominal 6x6 post)
Δ = 0.655 in
w = 8.13 psf * 10 ft / 12 in/ft = 6.78 lb/in
Maximum positive moment near H1/3 down from top
of post is

M max


9 wH 12 9 eave EI

128
8 H12

9(6.78)(144) 2 9(0.655)(1.2 x10 6 )(76.26)

128
8(144) 2
 6,633in  lb


means perfect agreement between the simplified and
EP484.2 methods, while a ratio of 1.25 means that the
simplified method conservatively overpredicts the value
by 25%.
As expected, the simplified method gives more
conservative predictions of unit shear and post moment
as the building length increases relative to its width.
When the ground line is modeled as a pin (at 0.7 times
the post embedment depth) and roller at the ground
line, the predictions of post moment are closer to the
EP484.2 method. For buildings with an aspect ratio up to
3, the conservative estimates of unit shear and post
moment may still give economic designs with regard to
post selection and embedment depth. Of course, a
design professional can always apply a more rigorous
design approach that accounts for diaphragm/frame
interaction to gain some efficiency as justified.
Summary and Conclusions

The maximum negative moment at the ground line is

M


max

wH 12 3 eave EI


8
H12
(6.78)(144) 2 3(0.655)(1.2 x10 6 )(76.26)

8
(144) 2
 26,246in  lb


Post Embedment
From ASAE EP486.1 Shallow Post Foundation
Design:

d 3

4.25M b
4.25(26,246 / 12)
3
 4.2 f t
S 'b
(200)(0.648)

How Conservative is the Simplified
Lateral Design Approach?
Mill (2012) compared two options (fixed ground line
support and pin-roller) of the simplified lateral design
method with the more rigorous ANSI/ASAE EP484.2
(ASAE 2003) method over a wide range of building
aspect ratios, diaphragm/shear wall stiffnesses, and
wall heights. Space limitations do not permit us to show
the details here, but Table 3 summarizes the predictions
of unit shear, eave deflection and maximum post moment
for the two methods divided by the predictions from
ANSI/ ASAE EP484.2. In other words, a ratio of 1.0
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hw =16 ft
L:W

Simplified—Fixed
v Ratio

eave
Ratio

Simplified—Pin/Roller

M Ratio v Ratio

eave
Ratio

M Ratio

1

0.97

1.05

1.17

1.02

1.10

1.00

2

1.02

1.08

1.19

1.07

1.14

1.02

3

1.09

1.18

1.25

1.15

1.24

1.08

4

1.18

1.31

1.34

1.24

1.37

1.18
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1. Eave deflection can be calculated as the sum of the
shear wall and roof diaphragm deflections. Equations
for calculating deflections for conventional wood-frame
diaphragms are given in the 2009 IBC (International
Code Council, 2009) and in ANSI/AF&PA SDPWS-2008
(AF&PA, 2008). A modification
of the diaphragm
deflection equation for metal-clad post frame that
includes load sharing of purlins and slip at purlin
connections is given in this paper.
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